Abstract
Introduction
Several randomized trials [1] [2] [3] have concluded that carotid endarterectomy (CEA) is effective in reducing the risk of stroke and death in patients with severe symptomatic high-grade carotid artery stenosis. The stability of atherosclerotic plaques and the related neurological symptoms are determined by a complex interplay among inflammation, extracellular matrix (ECM) degradation by proteases such as matrix metalloproteinase (MMP), cell death and synthesis of new connective tissue proteins.
[4] The ECM proteins elastin and collagen are of particular importance for maintaining plaque stability. Elastin is organized into fibers contributing to the elastic properties of the arterial wall, while collagen is its main load-bearing component. The elastic fibers undergo degradation and fragmentation with age and disease, with parallel collagen accumulation, leading to increased stiffness of the arterial wall, [5] which is an important, independent predictor of cardiovascular (CV) mortality in patients with hypertension, as well as end-stage renal failure and diabetes. [6] An unstable plaque phenotype can, in theory, result in the occurrence of intraoperative symptoms as caused through mechanical stress by vessel manipulation during CEA. Furthermore, the extension of the atherosclerotic lesions in diseased arteries is beyond the carotid bifurcation. Therefore, we theorized that reduced plaque levels of the components of the ECM could be associated with an increased risk of related events.
In order to prove this hypothesis, the elastin, collagen and MMPs content of human carotid plaques harvested during CEA was analyzed and correlated with the incidence of early and late neurological events, taking account of comorbid conditions and the patientsń eurologic presentation.
Methods
Two hundred-twenty-one patients aged 69.7 ± 8.4 years who underwent CEA between October 2005 and October 2009 at our Vascular Department were included in this study. Written informed consent was given by each patient, and the study was approved by the local ethical committee (Decision numbers 472/2005 and 16209/2012). The degree of carotid artery stenosis was preoperatively assessed with ultrasound based on flow velocities as previously validated. [7] Indications for CEA as well as our routine medical treatment have been previously described. [8] Patients with ipsilateral carotid artery occlusion, radiation-induced stenosis, or restenosis after previous CEA or endovascular treatment were excluded. All patients were clinically assessed by an independent accredited neurologist preoperatively as well as at 30 days postoperatively, and upon the development of symptoms during follow-up. Patients were considered to have asymptomatic disease if they had no amaurosis fugax (AF), transient ischemic attacks (TIAs) or stroke in the six months prior to surgery.
Information about comorbidities and past medical history was obtained through standardized preoperative interviews and review of the medical records. Comorbidity factors such as hypertension, diabetes, peripheral artery disease (PAD), and smoking, as well as the body mass index (BMI), serum levels of triglycerides (TG), low-density lipoproteins (LDL) and high-density lipoproteins (HDL) were recorded. Intraoperative and perioperative events were analyzed from reviewing medical charts. The Swedish national inpatient health register was analyzed in order to identify postoperative neurologic events, with corresponding International Classification of Diseases, Tenth Revision (ICD-10) codes G45 and G46 from October 2005 to December 2010. This is a nationwide validated register in which more than 99% of all somatic (including surgery) and psychiatric hospital discharges are registered. [9] In doubtful cases, information was gained through telephone interviews and medical chart reviews. All causes of death were confirmed through the National Population Register.
Definition of outcomes
All neurological ipsilateral events (i.e. fatal and non-fatal AF, TIA and stroke) were identified as described above and registered and analyzed singularly. Events occurring in the first 24 hours postoperatively were considered as procedure-related and assumed as intraoperative for analysis.
Patients suffering more than one episode of the same event (for example, patients with multiple strokes) were classified as suffering multiple events. In these cases only the first chronological event was taken into account in the survival analysis.
Plaque sample preparation
The plaques were processed as described previously. [10] [11] Briefly, plaques were removed by endarterectomy and immediately snap-frozen in liquid nitrogen. One-millimeter-thick fragments from the most stenotic region of the frozen plaques were removed for histologic analysis. The remaining parts of the plaque were weighed, cut into pieces while still frozen, and homogenized in 5 mL of a buffer consisting of 50 mmol/L Tris-HCl (pH 7.5), 0.25 mol/L sucrose, 2 mmol/L tris(2-carboxyethyl)phosphine HCl, 50 mmol/L NaF, 1 mmol/L Na-orthovanadate, 10 mmol/L Na-glycerophosphate, 5 mmol/L Na-pyrophosphate, protease inhibitor cocktail (Roche Complete, EDTA-free,), 1 mmol/L benzamidine, and 10 mmol/L phenylmethylsulfonyl fluoride.
ECM components assessment in plaque homogenate
To measure elastin, a Fastin Elastin assay was used (Biocolor, Carrickfergus, Northern Ireland, UK). Plaque homogenate (30μl) was mixed with cooled Elastin Precipitating Reagent (1000μl), incubated and centrifuged (10000g, 10 min). Supernatants were discarded, and Fastin Dye Reagent and ammonium sulfate (1000 μl+100μl) were added. The samples were mixed, centrifuged (12000g, 10 min), supernatants were discarded and Fastin Dissociation Reagent (1000μl) was added. The samples were measured on a Tecan Elisa plate reader (492 nm).
When measuring collagen, Sircol soluble collagen assay was used (Biocolor, Carrickfergus, Northern Ireland, UK). Samples (5μl) were added to 995 μl of Sircol Dye reagent, mixed, incubated (30 min) and then centrifuged (10000g, 10 min). This assay detects acid-soluble and pepsin-soluble collagens types I to V. The supernatants were discarded and alkali reagent (1000μl) was added. The samples were measured (absorbance 540nm) on a Tecan Elisa plate reader.
MMPs −1, −3 and −9) were analyzed in homogenate supernatants (25 μl) using Mesoscale human MMP ultrasensitive kit (Mesoscale, Gaithersbur, MD, USA), according to the manufacture´s instructions.
MMP-12 levels were analyzed by the Proximity Extension Assay (PEA) technique using the Proseek Multiplex CVD96x96 reagents kit (Olink Bioscience, Uppsala, Sweden) as previously described. [12] Data analysis was performed by a preprocessing normalization procedure using Olink Wizard for GenEx (Multid Analyses, Sweden). MMP-12 levels are presented as arbitrary units.
Statistical analysis
Results were normalized to the wet weight of the plaque. Continuous variables are presented as mean ± standard deviation (SD) when not stated otherwise, while categorical variables are presented as percentages. Pearson´s Chi-square test was used for categorical variables. Student's t-test and Pearson´s correlation were used for continuous variables whenever normally distributed, while a Mann-Whitney U test and Spearman´s rank correlation were used for non-normally distributed variables. Elastin and MMPs values were revealed to be non-normally distributed while collagen values were normally distributed. Simple and multiple linear regressions were used to explore the relationship between two or more variables. Freedom from postoperative events was calculated by life-tables according to Kaplan-Meier survival analysis. Correction for age, gender, hypertension, diabetes, smoking, the occurrence of pre-operative symptoms and statin usage was carried out through Cox regression analysis. A P-value of < .050 was considered statistically significant. Statistical analysis was performed using SPSS 20.0 (IBM Corp., Amonk, NY, USA).
Results
Two hundred-twenty-one plaques removed by CEA were analyzed for total elastin and collagen content. Of these, two hundred-nine plaques were analyzed for MMP-1, 3-and 9 while only two hundred-one plaques for MMP-12 contents, due to lack of specimen material. Fiftyfive % (n = 121) of the plaques were associated with preoperative symptoms, and among those, 7% (n = 15) had more than one preoperative neurological event. There were no differences in risk factor distribution between patients with and without preoperative symptoms.
There was a positive correlation between the plaque contents of elastin and collagen (r = .554, P < .0001; Fig. 1 ). MMP-9 plaque content correlated positively with MMP-1 (r = .599, P <.0001) and MMP-3 (r = .327, P <.0001) content and correlated inversely with MMP-12 content (r = −.362, P < .0001). MMP-3 levels correlated positively with elastin (r = .138, P .046), collagen (r = .260, P .0001) and MMP-12 (r = .176, P .015) content. MMP-12 levels correlated positively with elastin (r = .507, P <.0001) and collagen (r = .323, P <.0001) and inversely with MMP-1 (r = −.156, P .031) content.
The plaque contents of elastin, collagen and MMP-12 were lower while MMP-9 levels were higher in males than in females (Tables 1 and 2) .
Plaques of patients who have experienced preoperative symptoms were characterized by lower elastin, MMP-3 and MMP-12 content as well as by higher levels of MMP-1 and MMP-9 when compared to those of asymptomatic patients. The elastin (r = −.179, P = .009) and MMP-12 (r = −.288 P <.0001) content of the plaques decreased while the MMP-1 (r = .174, P .012) and MMP-9 (r = .299, P<.0001) content increased with age. Significantly lower levels of elastin, collagen and MMP-12 were found in patients with diabetes as compared with non-diabetics. Current smokers have lower levels of MMP-9 compared to no-or past-smokers. Furthermore, when analyzing time interval between symptoms and CEA (22.2 ± 28 days), plaque content of collagen was significantly lower if the surgical treatment was performed in the first month after symptom onset (P = .007). There were no similar association for the elastin and MMPs content.
Matrix proteins and incidence of neurological events
Two patients (0.9%) suffered an intraoperative (i.e. in the first 24 hours post-CEA) ipsilateral stroke. After a mean follow-up time of 39.6 ± 16.4 months, 7.7% of patients (n = 17) had suffered one or multiple postoperative ipsilateral events (five TIAs, 12 strokes). Only one of these patients had a restenosis that needed treatment. Patients who had an ipsilateral minor/major stroke during follow-up showed a lower plaque content of elastin (41.6 ± 17.5 mg/g vs 68.5 ± 54.5 mg/g, P .033), whereas no significant differences were observed for collagen and MMPs (Tables 3 and 4) .
Kaplan-Meier curves of event-free survival showed a significant increased incidence of ipsilateral stroke in patients with plaques that had an elastin content lower than median (52 mg/g, P 0.009 using Log Rank Chi-square test; Fig. 2 ). The higher risk for ipsilateral stroke remained significant when controlling for age, gender, hypertension, diabetes, smoking and pre-operative symptoms in a Cox Proportional Hazard model (hazard ratio 7.38, 95% C.I. 1.50-36.31). When patients suffering an ipsilateral stroke in the first 72 hours after CEA were excluded from the analysis, the above-mentioned survival analysis findings were not confirmed.
Discussion
The main finding of the present study is that a low carotid plaque content of elastin, as assessed by analyses of tissue removed at CEA, is associated with a higher risk of developing ipsilateral neurological symptoms, both pre-and postoperatively. Furthermore, in the current study population, the plaque content of elastin decreased with age and was lower in male and diabetic patients.
Even if CEA has been shown to be effective in preventing the occurrence of ipsilateral symptoms, this procedure does not eliminate the risk of neurological events. In the last decades the efforts of many researchers have focused on the risk stratification of patients with carotid artery stenosis, [13] [14] but local atherosclerotic plaque characteristics have been poorly investigated in relation to future neurological events.
The majority of studies focusing on the composition of atherosclerotic plaques have been based on histology. As previously described, [10] . histological analysis has several advantages, allowing the identification and localization of specific proteins by immunohistochemistry. However, in our opinion, analysis of total levels of plaque components is more appropriately done by biochemical assays of whole plaque homogenates, since any issues of representativeness of the histology section are overcome. Furthermore, quantitative techniques such as ELISA are more reproducible and allow validation among different centers. [15] When analyzing plaque composition, different confounding factors as temporal phenotypic alterations, should be taken into account. [16] The composition of the arterial wall results from a continuous interchange of cellular and non-cellular components. As previously reported, [17] [18] the degradation or remodeling of the ECM components is mediated by matrix metalloproteinases (MMPs), a family of zinc-dependent endopeptidases, which play a key role in determining plaque instability. [19] [20] . A wide spectrum of inflammatory cytokines and growth factors induce MMP transcriptional activation, [21] [22] as confirmed by our findings of higher levels of MMP-1 and MMP-9 in plaques of patients who have suffered of neurological symptoms. Additionally, the elastic properties of the arterial wall, and in particular the content of elastin and collagen, may be also affected by various risk factors such as hypertension, diabetes mellitus, obesity, smoking, hypercholesterolemia, and kidney disease. [23] In this sense, we can explain our findings of a lower concentration of elastin, collagen and MMP-12 in diabetic patients who are known to have a higher incidence of pre-and postoperative events. [24] On the contrary, the higher levels of elastin, and collagen in women who also showed a lower incidence of postoperative events, could be explained through the known pro-elastic effect of female hormones on arterial wall properties. [25] Moving the focus of our investigation to the possible influence of local atherosclerotic plaque characteristics on neurological outcome, we could not confirm our previous findings of high elastin content as a marker of plaque vulnerability. [11] On the contrary, elastin content was found to be lower in plaques that have produced neurological symptoms. This finding was indirectly confirmed through the detection of higher elastin content in plaques of patients who did not experience ipsilateral strokes either perioperatively or after a three-year follow-up period, even after correction for known risk factors. The difference in elastin levels when compared to our previous experience is most likely explained by differences in preparation of the homogenates which included additional centrifugation in the previous study. Another explanation of this difference can be the different extent of action of elastolytic proteases in the plaque of patients included in the current study. This hypothesis of the possible role of played by the interaction between these two components of the ECM was reinforced by the positive correlation between elastin and MMP-12 levels. However, the finding of their decreased levels in patients with preoperative symptoms is not in line with recent reports of overexpressed MMP-12 in atherosclerotic plaques associated with ischemic stroke. [26] The positive correlation between the levels of elastin and MMP-12 in plaques is partially unexpected since MMP-12 is a protease that degrades elastin. However, several factors may influence the contents of both elastin and MMP-12 and functions may not reflect absolute levels. Furthermore, this correlation could be the result of a possible feedback loop interaction of these two components of the ECM.
The significantly higher levels of collagen in patients who underwent CEA one or more months after the occurrence of neurological symptoms can be also interpreted as a sign of plaque remodeling. Furthermore, the expression of collagen could produce a stabilizing effect, limiting the occurrence of late neurological events as well as protecting against intraoperative events, which can result from surgical plaque manipulation. In the case of elastin, only a nonsignificant positive correlation to the time between symptoms and surgery could be detected. As previously stated, plaque composition is highly influenced by temporal phenotypic alterations, as it results from continuous remodeling processes engaged in the response to plaque rupture/healing. [27] There are some limitations of the present study that should be considered. Most importantly, the study cohort was relatively small and the number of post-operative events only 17. The incoherency between the measurements of elastin and macrophage elastase (e.g. MMP-12) also has impact on the reliability of the present findings. It would be reasonable to assume that there would be an inverse association between MMP-12 and the plaque elastin content. Instead, we unexpectedly observed a positive correlation. However, it should be kept in mind that elastin turnover involves a number of other factor including expression of growth factors, MMP inhibitors as well as number and types of cells in the plaques. We have previously found a positive association between the plaque contents of platelet-derived growth factor and elastin suggesting that may have an important role. [28] Accordingly the findings need to be confirmed in larger studies with even longer follow-up and more in depth studies of the factors regulating plaque elastin expression are also warranted. Moreover, our measurements could have been influenced by the fact that we assessed elastin and collagen contents in homogenates of the entire plaque. It was therefore not possible to differentiate between possibly ruptureprone and stable areas. The combination of a histologic analysis of multiple plaque sections to quantify elastin and collagen content at different levels could have helped in the regional analysis of the content of these two proteins. However it would not be technically possible to perform simultaneous complete histologic and biochemical quantitative analyses on the same plaque.
The finding that patients with a low plaque content of elastin have an increased risk of developing an ipsilateral stroke during the follow-up could not be confirmed when excluding those five patients who suffered an ipsilateral stroke perioperatively, i.e. between 24 and 72 hours after CEA. However, this could suggest the instability of a plaque with a lower content of elastin, both in the short and the long term.
In conclusion, this study supports the concept that elastin seems to play a key role in plaque stabilization and destabilization. The need for closer follow-up and more aggressive secondary prevention of patients with reduced elastin content in harvested carotid plaques should be further investigated.
